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In Brief
Hara et al. use live imaging of Drosophila embryos to characterize how cell boundaries elongate, how junctional tension evolves, and how vinculin associates/dissociates at cell junctions during boundary oscillation. The findings raise the possibility that vinculin levels at cell boundaries could be used to approximate junctional tension in vivo.
Throughout development, tissues exhibit dynamic cell deformation, which is characterized by the integration of cell boundary contraction and/or elongation. Such changes ultimately establish tissue morphology and function [1] [2] [3] [4] [5] . In comparison to cell boundary contraction, which is predominantly driven by nonmuscle myosin II (MyoII)-dependent contraction [6] [7] [8] [9] , the mechanisms of cell boundary elongation remain elusive. We explored the dynamics of the amnioserosa, which is known to exhibit cell shape oscillation [10] [11] [12] [13] [14] [15] , as a model system to study the subcellularlevel mechanics that spatiotemporally evolve during Drosophila dorsal closure. Here we show that cell boundary elongation occurs through a combination of a non-autonomous active process and an autonomous process. The former is driven by a transient change in the level of MyoII in the neighboring cells that pull the vertices, whereas the latter is governed by the relaxation of junctional tension. By monitoring cell boundary deformation during live imaging, junctional tension at the specific phase of cell boundary oscillation, e.g., contraction or elongation, was probed by laser ablation. Junctional tension during boundary elongation is lower than during the other phase of oscillation. We extended our tension measurements to non-invasively estimate a tension map across the tissue, and found a correlation between junctional tension and vinculin dynamics at the cell junction. We propose that the medial actomyosin network is used as an entity to both contract and elongate the cell boundary. Moreover, our findings raise a possibility that the level of vinculin at the cell boundary could be used to approximate junctional tension in vivo.
RESULTS AND DISCUSSION

Cell Boundary Elongation Correlates with the Transient Change in the Level of Medial Myosin II in the Neighboring Cells
We analyzed the apical cell oscillation of amnioserosa (AS) cells during Drosophila dorsal closure ( Figure 1A ), which is a proven model system to study cell/tissue dynamics and wound healing [16] [17] [18] [19] [20] [21] [22] [23] . Live imaging of AS cells expressing Da-cateninRFP showed complex dynamics in cell shape during the early stages of dorsal closure, which is the stage shortly after the edge of AS tissue is smoothed out [20, 24] ( Figure 1A 0 ; Movie S1A). AS cells exhibited both apical area oscillations ( Figure 1A 00 ) and cell boundary length oscillations ( Figure 1A 000 ; Figure S1A ). Moreover, cell boundary length oscillations were associated with little, if any, cell-cell junction rearrangement such as zipping or unzipping (Figures S1C-S1E). We realized that these two oscillations did not necessarily synchronize (asterisks in Figures 1A 00 and 1A 000 ), meaning that not all cell boundaries of shrinking cells were contracting, and vice versa. This suggested that cell area oscillation was in part an integrated result of complex cell boundary dynamics.
To investigate the mechanism of cell boundary oscillation, especially the relative contributions of both intrinsic and extrinsic contractility in cell boundary oscillation, we considered the relative distribution of dynamic medial myosin II (MyoII), which was visualized by MyoII regulatory light chain (spaghetti squash, sqh) fused to GFP, hereafter referred to as sqhGFP [25, 26] . Medial MyoII distributes at the non-junctional cortical region of the apical side of the cell, and its level was higher compared to the level of junctional MyoII during the early stage of dorsal closure ( Figure S1F ; Movies S1B and S1C) [10-13, 24, 27] . To quantify the relative distribution of medial MyoII, we measured the ratio of MyoII levels between the two cells that shared the boundary of interest (red regions in Figure 1B ) and the two neighboring cells that form vertices with the boundary of interest (blue regions in Figure 1B ). We then compared the myosin ratio with the rates of boundary length deformation (Figures 1C and 1D ; Movies S1D and S1E). Qualitatively, these two values were oscillatory and temporally anti-correlated. For instance, MyoII accumulated more in the neighboring cells (myosin ratio <1; Figure 1B , bottom; blue in Figure 1C 000 ) when the cell junction was elongating (blue in Figure 1C 00 ), whereas MyoII accumulated more in the vicinity of the cell junction (myosin ratio >1; red in Figure 1C 000 ) when the junction was shrinking (red in Figure 1C 00 ). Temporal cross-correlation analysis showed that the rates of boundary length deformation coincided with the rate of the myosin ratio ( Figures 1E and 1F) , suggesting that the change in the level of MyoII contributes to boundary length change. The myosin ratio reached its highest point 20 s after the peak of boundary length deformation ( Figure 1F ; Figures S1A and S1B). MyoII that appeared around the cell boundary during oscillation did not accumulate at cell junctions ( Figure S1G ; Movies S1B and S1C). This was different from MyoII dynamics in ratchet-like cell boundary contraction during Drosophila germband extension (GBE) [9] . To uncover the spatial and temporal propagation of junctional oscillation, we performed temporal cross-correlation analysis of the changes in boundary length between the nearest cell boundaries (black and red in Figure 1G ) and between the nextnearest cell boundaries (black and green in Figure 1G ). The former showed anti-correlation with no time lag, and the latter showed no correlation ( Figure 1G 0 ) (n = 13). These results suggested that the effect of cell boundary oscillations remained localized and did not propagate throughout the tissue. This is consistent with a report showing that the mechanical perturbation in the AS does not affect the apical area of the neighboring AS cells [28] . Together, our analyses suggested that the elongation of boundary length was correlated with the change of the level of MyoII in the neighboring cells.
Medial MyoII in the Neighboring Cells Actively Pulls the Cell Boundary
To confirm that medial MyoII in the neighboring cells plays an active role in the elongation of the cell boundary, we perturbed medial MyoII by UV laser at the level of adherens junctions (Supplemental Experimental Procedures) [2, 9, 18, 29, 30] . We first targeted a laser to disrupt the cluster of medial MyoII in a neighboring cell when a cell boundary was undergoing elongation (red arrowhead in Figure 1H ; Figure 1I , i; Movie S2A). Still images (Figure 1H ) and kymographs showed that the disruption of the MyoII cluster (white arrowhead in Figure 1H 0 ) resulted in shorter cell boundaries (white arrow in Figure 1H 00 ). In contrast, similar laser ablation of the neighboring cell, where there was no notable MyoII cluster (red arrowheads in Figures S2A and S2B; Figure 1I , ii and iii), caused no drastic change in the dynamics of the cell boundary (Movies S2B and S2C). This showed that there were little, if any, effects on cell boundary length change by laser ablation without a MyoII cluster. It is important to point out that the myosin accumulation in two neighboring cells was not necessarily synchronized to cause junction elongation (Figures 1C  and 1H ; Figure S2A ). Furthermore, laser ablation targeting a cluster of medial MyoII in a cell with a cell boundary undergoing contraction (red arrowhead in Figure S2C ; Figure 1I , iv) resulted in longer cell boundaries (Movie S2D) and in shortening of the neighboring cell boundaries. Statistical analyses of the relative cell boundary lengths 25 s after laser ablation (D t25 ), compared to the length at the time of ablation (D t0 ), further supported these observations ( Figures 1I and 1I 0 ). The laser ablations during cell boundary elongation ( Figures 1H and 1I , i) and contraction ( 0 ; n = 20 and n = 18, respectively), suggesting that there was little change in cell boundary length upon laser ablation.
These results support the idea that boundary elongation is a non-autonomous process where the transient accumulation of medial MyoII in the neighboring cell (''b'' cells in Figure 1B ) causes junction elongation by pulling the vertex that defines the end of the cell boundary (between ''a'' cells in Figure 1B ).
MyoII Distribution and Junctional Tension Correlate with Cell Junctional Dynamics
To further investigate the mechanics behind cell boundary length oscillation, we probed cell junctional tension using UV (B) Top: a junction and regions where medial MyoII is measured. The myosin ratio is a ratio between the average sqhGFP intensity in the red regions and the intensity in the blue regions. Bottom: a ratio that is larger or smaller than 1 represents the case where medial myosin accumulates more in ''a'' or ''b'' cells, respectively.
(C) Dynamics of medial myosin accumulation during cell boundary oscillation. Cell boundary and MyoII are visualized by Da-cateninRFP (magenta) and sqhGFP (green) (C 0 ). Forced-colored images show the deformation rate (C 00 ) and myosin ratio (C 000 ). The color code of (C 00 ) is the same as in (A 000 ). Red and blue color in (C 000 )
indicate a high and low ratio, respectively. Yellow arrowheads indicate the boundary we quantify in (D). Scale bar, 10 mm. See also Movies S1D and S1E.
(D) Evolution of the myosin ratio and deformation rate of an oscillating boundary highlighted in (C 00 ). The red solid line, dashed red line, and green line represent the moving average of the deformation rate, deformation rate (raw data), and myosin ratio, respectively. (E) Cross-correlation analysis between the deformation rate and the rate of the myosin ratio. The black line shows the average correlation coefficients (n = 13 boundaries were randomly picked from an embryo). laser ablation at different phases of cell boundary oscillation. To ablate the cell boundary at a specific phase of oscillation, we monitored the dynamics of cell boundaries during live imaging and targeted the laser to the boundary of interest (Supplemental Experimental Procedures). For all data, we quantified several parameters, including the instantaneous recoil velocity, cell boundary deformation rate, and ratio of medial MyoII ( Figure 1B) prior to ablation. The instantaneous recoil velocity is proportional to the junctional tension and inversely proportion to the drag coefficient, and is widely accepted as a first approximation of the junctional tension before ablation [2, 7, 9, 18, 20, 21] (Supplemental Experimental Procedures). We classified the dynamics of the cell boundary into three categories based on its deformation rate, v def : contraction (v def % À0.01 mm/s), stable (À0.01 < v def < 0.01), and elongation (0.01 % v def ) (Figure 2A ). To take into account the geometry of the cell boundary, we added a further three classifications: low and high boundary waviness (Wn; Figure 2B ) as well as rosette, which is the cell boundary directly linked to a delaminating cell (Figure 2A, right) . We first compared the recoil velocity between low (1 % Wn % 1.1) and high (1.1 < Wn) waviness within each category of boundary deformation rate ( Figure 2C) . In general, a cell boundary with high waviness correlated with a slower recoil velocity. More specifically, the contracting and stable cell boundaries exhibited significantly slower recoil velocity when the boundary was wavy ( Figure 2C) . The recoil velocity of the elongating boundary was lowest among the different categories, and there were no clear differences in the recoil velocity of boundaries that displayed varying degrees of waviness. In contrast, the rosette boundary exhibited the fastest recoil velocity compared to the other types of cell boundary. Next, we compared the recoil velocity between the different boundary behaviors. Among straight cell boundaries (1.0 % Wn % 1.1), the contracting (red in Figure 2D , left) and elongating (blue in Figure 2D , left) boundaries exhibited faster and slower recoil velocities, respectively. The stable cell boundary showed a recoil velocity between two other behaviors (green in Figure 2D , left). Together, we found that the boundary dynamics and recoil velocity have a linear relationship ( Figures  2D and S3A, left) . This trend was qualitatively maintained but weakened among the boundaries with high waviness ( Figures  2D and S3A, middle) .
We further analyzed the relationship between cell boundary dynamics and the medial myosin ratio measured from the laser ablation experiments ( Figure 2E) . Consistent with the analysis of non-laser-ablated tissue (Figure 1) , the medial myosin ratio was larger than 1 (red in Figure 2E , left and middle) and smaller than 1 (blue in Figure 2E , left and middle) in the case of cell boundary contraction and expansion, respectively. When the cell boundary was stable (green in Figure 2E , left and middle), the medial myosin ratio was close to 1, meaning its distribution was balanced. Together, the boundary dynamics and the medial myosin ratio have a strong linear relationship, regardless of boundary waviness ( Figure 2E ; Figure S3B ). Based on these two analyses ( Figures 2D and 2E) , we found that the recoil velocity and medial MyoII distribution are correlated, especially among the boundaries with low waviness ( Figure 2F ; Figure S3C) . Moreover, the cell boundaries associated with delaminating cells, which we categorized as ''rosette,'' did not follow the linear relationships ( Figures 2D-2F and S3A-S3C, right). This is simply due to the fast recoil velocity and high accumulation of medial MyoII in delaminating cells ( Figure S3D) .
Together, our laser ablation experiments at specific phases of cell boundary oscillation clearly demonstrated that the recoil velocity, and in turn the cell junctional tension, correlates with boundary dynamics. This suggests that the state of tension at the boundary changes during cell boundary oscillation. Interestingly, the junctional tension becomes weak when the boundary is elongating. This weakening could emerge from the lower level of medial MyoII in the vicinity of the boundary ( Figure 2E ). Our results raise the possibility that cell boundary elongation arises from the combination of junctional tension relaxation, which is represented by the transition from the high junctional tension during contraction to the low tension during elongation, and an active pulling by the neighboring cells.
Non-invasive Estimation of Cell Junctional Tension Distribution across the Amnioserosa
Knowing the relative recoil velocity of the cell boundaries, with respect to cell boundary dynamics and junctional geometries ( Figure 2C ), allows us to estimate the tension distribution across the AS non-invasively. To investigate this, we first established five categories of junctional tension based on magnitude (Figure 3A) , where category I represents rosette boundaries, which exhibit the highest tension (relative tension 4.2), category II represents the contracting low Wn boundaries (2.7), category III represents the stable low Wn boundaries (2.0), category IV represents the contracting high Wn boundaries (1.5), and category V represents the elongating and stable high Wn boundaries (1) . Around 90% of the boundaries in category V were elongating boundaries. We applied these categories to time-lapse images and estimated the tension across AS tissue at the early stage of dorsal closure ( Figure 3B ; Movies S3A and S3B). To validate our estimations of cell junctional tension, we first computed the spatial distribution of the average tissue tension by integrating the estimated junctional tension ( Figure 3C ). Each estimate of junctional tension (T) was split into two components: a tension parallel to the medio-lateral (M-L) axis (T ML ), and a tension parallel to the anterior-posterior (A-P) axis (T AP ) ( Figure 3C ). The area of AS tissue from which the junctional tensions were estimated was then split into six sections along the A-P or M-L axis, and the average tension of each component, <T ML > and <T AP >, in each section was subsequently computed (Figures 3C 0 and C 00 ). The spatial distribution of the computed average tissue tension was uniform across the AS tissue, except for the section with rosette boundaries (Figures 3C 0 and C 00 , bottom). We then compared this uniform distribution of tissue tension with the tissue tension mapped by tissue-level laser ablation ( Figure 3D ; Supplemental Experimental Procedures). We applied particle image velocimetry to two DE-cadGFP images, right before and 11 s after the laser ablation, and generated vector fields of tissue relaxation (Figures S4A and S4B ; Supplemental Experimental Procedures). The spatial distributions of the tissue relaxation speed, which is proportional to tissue stress [31] , were uniform across AS tissue (Figures 3D 0 and 3D 00 ; n = 16 and n R 12 for the laser ablation along the A-P and M-L axis, respectively [32] ). This was in good agreement with the distribution of the computed average tissue tension ( Figures 3C 0 and 3C 00 , bottom). Together, we conclude that our non-invasive tension estimation is valid.
To further analyze the spatial distribution of mechanical tension in the AS, we applied a spatial correlation and hot and cold spot analysis to the tension map. The Getis-Ord Gi* statistic (Supplemental Experimental Procedures) quantifies whether the neighboring boundaries have higher or lower tension as a whole with respect to the overall average. A positive value indicates that surrounding boundaries tend to have high tension (hot spot), whereas a negative value indicates that surrounding boundaries have low tension (cold spot). A near-zero value represents no spatial correlation. The results showed that there were hot/cold spots and random regions across the tissue, and that they were transient ( Figure 3B 00 ; Movie S3C). Although we did not find a strong pattern in time and space, our results indicate that the tension across a tissue is not totally random and that forces at the cell boundaries are potentially controlled within a cell cluster. This was further supported by an additional spatial correlation analysis, Moran's I statistical analysis (Supplemental Experimental Procedures; Figure S4C ).
Changes in Junctional Tension during Cell Boundary Oscillation Correlate with Vinculin Dynamics
It has been shown that the binding or unbinding of vinculin to a-catenin within adherens junctions is dependent on the tension exerted on a-catenin through cytoskeletal contractility [33] [34] [35] . To investigate the tension-dependent dynamics of vinculin at adherens junctions in vivo, we imaged embryos expressing hsvinculinGFP (heat shock-vinculinGFP) ubiquitously under a heat shock promoter ( Figure S4D ; Supplemental Experimental Procedures). We first confirmed that a high level of vinculinGFP was found at loci known to associate with endogenous vinculin, such as the wound edge [33] and the leading edge of the lateral epidermis during dorsal closure [36] (Figures S4D  0 and S4D  00 ). We then monitored the dynamics of vinculin during dorsal closure, and found that the level of vinculin at the cell boundary changed during cell boundary oscillation ( Figure 4A 0 ; Movies S4A and S4B). We further compared the level of vinculin with the rates of boundary length deformation ( Figures 4A and 4B) . Qualitatively, these two values were temporally anti-correlated (Figures 4A 0 , 4A 00 , and 4B, top). For instance, vinculin accumulated more when the cell junction was shrinking (filled arrowheads in Figure 4A 00 ), whereas there was less vinculin when the junction was elongating (open arrowheads in Figure 4A 00 ). Temporal cross-correlation analysis showed that the change in the boundary length coincided with the change in the level of vinculin at the cell junctions ( Figure 4C ; n = 10 boundaries from an embryo). This correlation was not observed between the change in the boundary length and the change in the fluorescence intensity of the plasma membrane, which was visualized with a pleckstrin homology domain-containing plasma membrane marker, PLCg-PH-GFP (PH domain of phospholipase C-g fused with GFP) (Figure 4C 0 ; n = 13 boundaries from an embryo; Figures S4E 0 -S4E 000 ). Together with a few junctional rearrangements during boundary oscillation (Figures S1C-S1E) , these results suggest that the change in the level of vinculin at the cell junctions was attributable to the accumulation or dissociation of vinculin. Using non-invasive tension estimation (Figure 3) , we then examined the relationship between vinculin dynamics and estimated junctional tension ( Figures 4A and 4B) . The rate at which the vinculin level changed ( Figure 4B , middle) was correlated with junctional tension ( Figure 4B, bottom) . The rate of vinculin change was positive when the tension was high (faint red background in Figure 4B ), whereas the rate of vinculin change was negative when the tension was low (white background in Figure 4B ). Temporal crosscorrelation analysis showed that the rates of change in vinculin level coincided with the junctional tension ( Figure 4D ; n = 10 boundaries from an embryo; Movies S4B and S4C). Together, our analyses suggested that the accumulation or dissociation of vinculin at the cell boundary was correlated with the dynamics of the cell boundary and, in turn, the junctional tension.
Conclusions
In this study, we have described how cell boundaries elongate and how junctional tension evolves during the cell boundary Using quantitative image analysis and laser ablation, we show that cell boundary elongation occurs through a combination of a non-autonomous active process, which is driven by the transient change of the level of medial MyoII in the neighboring cells ( Figure 1H) , and a relaxation of junctional tension, which could be governed by the reduction of the level of medial MyoII in the vicinity of a cell boundary ( Figure 4E ). Recently, it has been reported that cell boundary elongation, which occurs during cell intercalation, and in particular the type 2-to-type 3 transition in GBE, is powered by medial MyoII in the neighboring cells [31, 37] . Moreover, Bardet et al. reported that reduction of MyoII and, in turn, a downregulation of junctional tension are required for cell junction growth during the type 2-to-type 3 transition in Drosophila pupal wing development (E) A model of AS cell boundary oscillation and vinculin dynamics during early dorsal closure. [38] . This takes place through a mechanism that is distinct from that in GBE. We propose that the active pulling by neighboring medial MyoII accumulation and/or the junctional tension relaxation is a general mechanism of cell boundary elongation. We extended our junctional tension measurements to non-invasively estimate a tension map across the tissue, and found that the vinculin dynamics at cell boundaries correlated with junctional tension. However, the molecular basis of vinculin accumulation and dissociation at the cell junction, and whether these vinculin dynamics are a cause or an effect of junction deformation and tension, remains an open question. Although a Drosophila vinculin mutant did not exhibit notable phenotypical defects [39, 40] , and thus the functions of vinculin in Drosophila development remain elusive, our finding raises the possibility that the level of vinculin at the cell boundary could be used to approximate junctional tension. 
